Abstract
Sea urchins and sea cucumbers, like other echinoderms, control the tensile properties of their connective tissues by regulating stress transfer between collagen fibrils. The collagen fibrils are spindle-shaped and up to 1 mm long with a constant aspect ratio of approx. 2000. They are organized into a tissue by an elastomeric network of fibrillin microfibrils. Interactions between the fibrils are regulated by soluble macromolecules that are secreted by local, neurally controlled, effector cells. We are characterizing the non-linear viscoelastic properties of sea cucumber dermis under different conditions, as well as the structures, molecules and molecular interactions that determine its properties. In addition, we are developing reagents that will bind covalently to fibril surfaces and reversibly form cross-links with other reagents, resulting in a chemically controlled stress-transfer capacity. The information being developed will lead to the design and construction of a synthetic analogue composed of fibres in an Key words: collagen, interfibrillar cross-links, fibrils. 'To whom correspondence should be addressed (e-mail: jtrotter@salud.unm.edu).
elastomeric matrix that contains photo-or electrosensitive reagents that reversibly form interfibrillar cross-links.
Collagenous tissues
The structural materials of animals are, for the most part, composites containing insoluble fibres in a non-fibrous matrix. Familiar examples of such materials include the tendons, ligaments and dermis of mammals. The mechanical properties of these fibrous composites are due largely to the contributions of the protein collagen, which selfassembles into long, thin fibrils that may be millimetres in length and nanometres in diameter [l]. Collagen molecules (approx. 300 nm long x 1.5 nm in diameter) within the same fibril become covalently cross-linked through enzymic action. As a result of cross-linking, the fibrils possess high tensile stiffness and strength (on the order of GPa). In most cases we do not know how long the individual collagen fibrils are; nor do we know how stress is transferred between them. We do know, however, that the composition and organization of the tissues is such as to make effective use of the tensile properties of the fibrils. In addition to collagen fibrils, connective tissues contain other insoluble polymer networks composed of either non-fibrillar collagens or noncollagenous proteins [2] . Fibrillin is a common non-collagenous protein that forms insoluble networks that have reversible strains of the order of 100% [3] . In addition to these two insoluble components, connective tissues contain water (70% or more) and macromolecules that are soluble in water and that bind to the insoluble components. These soluble molecules are thought to play major roles in the formation, structure and function of connective tissues, including perhaps the transfer of stress between fibrils. Even though collagen fibrils may be discontinuous, most animals possess no mechanisms to produce rapid changes in the matrix that transfers stress between fibrils. Therefore the tensile properties of most collagenous tissues remain constant over physiological time (seconds to min).
Echinoderm collagenous tissues
In contrast to other animals, echinoderms (including sea urchins, sea cucumbers, starfish, brittlestars and sea lilies) possess connective tissues in which the stress-transfer capacity of the interfibrillar matrix is regulated by the nervous system on a physiological time scale [4] . The animals use their 'mutable connective tissues ' in locomotion, in energy-efficient maintenance of position, in defence and in other functions. The dermis of the sea cucumber Cucumaria frondosa is a good example of a mutable connective tissue. In animals with a normally functioning nervous system, the dermis responds to certain stimuli by becoming stiff. This stiffening response can be felt when an animal is picked up in the hand and removed from the water. As the animal relaxes in the hand, one feels the dermis becoming pliant. The pliant dermis conforms to the shape of the hand (Figure 1 ). In contrast, animals with 'narcotized ' nervous systems do not stiffen in the hand. The range of tensile properties of the isolated dermis of C. frondosa is seen in Figure 1 . Tensile tests have been performed using both constant strain rate ( Figure 1) and constant load ('creep'). The creep tests show that in the stiff state, the inner, collagen-rich dermis of C. frondosa displays linear viscoelastic response at small strains (up to about 10%) and becomes non-linear beyond this limit. At small strains, the apparent modulus obtained from constant strain rate tests depended on the strain rate, while at high strains, no rate effect was observed. This phenomenon may relate to water in the dermis. In the plastic state, the strength and modulus fall by an order of magnitude or more and we expect the linear viscoelastic range to extend to higher strains (this is under investigation). Whatever the state of the tissue, the tensile properties are dependent on stress-transfer between collagen fibrils and therefore may be regulated by molecules that bind to fibril surfaces [5-81.
Isolated collagen fibrils
T o identify and study the collagen fibrils and molecules that interact with them, we have made 
Sea cucumber and tensile properties of its dermis
On the left is an individual sea cucumber (C. fmndosa) being held in the hand. The upper surface, which had been in contact with the hand until seconds before the photograph was taken, shows impressions made by the fingers. On the right are stresslstrain plots of dermis specimens prepared from C. fmndosa and tested in uniaxial tension at a constant strain rate of 63% per min. The tensile modulus and strength are reversibly under experimental and physiological control. use of our ability to isolate native whole collagen fibrils from echinoderms [6, 9] . Individual fibrils are obtained from the dermis after it has been extensively extracted in an artificial sea-water solution that is similar to the natural sea water with which the tissue is normally in equilibrium ( Figure 2 ). T h e individual fibrils can be studied by light and electron microscopy. Under the electron microscope the fibrils are seen to possess glycosaminoglycan moieties that are regularly and periodically associated with the surface [lo-121.
T h e fibrils also possess staining properties that are similar to those of vertebrate fibrils. Electrostatic heavy-metal stains reveal an asymmetric banding pattern that allows the polarity of the molecules to be deduced for any region of the fibril [ll-131. Surprisingly, we have found that the fibrils are symmetrically spindle-shaped (instead of being cylindrical, as is commonly assumed to be the case for collagen fibrils) [lO,l1,14] . Mass measurements made using the electron microscope have allowed us to determine the mass per unit lengthand hence the number of collagen moleculesfrom one end of a fibril to the other [15] . These data have revealed specific features of the ends, centres and mid-regions of fibrils, the lengths of which vary by an order of magnitude or more [9] . T h e maximum mass occurs in the centre of each fibril. Significantly, this region of maximum mass corresponds to a unique stretch of the fibril where the polarity of the molecules is reversed [ 141. This polarity reversal occurs once in each fibril in a short span (about 600nm, or two molecular lengths) that is equidistant from the two ends. In the middle of this polarity-reversal zone, the fibril contains equal numbers of anti-parallel molecules.
An additional feature of echinoderm fibrils is that they are all geometrically similar, even though their lengths vary by more than an order of magnitude. We have tested growth models using computer simulations, and have determined that the most probable mechanism of molecular selfassembly involves surface nucleation in the region of polarity reversal followed by propagated addition towards both fibril tips [15a] .
The similarly spindle-shaped fibrils, with aspect ratios in the order of 2000, are well suited to act as the reinforcing phase in a discontinuous fibre composite [10, 11] . T h e tapered shape allows the full tensile strength and modulus of the fibril to be exploited throughout its length, while preventing shear-stress concentrations in the interface near the fibril ends. Hence the self-assembly process, which maintains geometric similarity, produces the ideal shape for a reinforcing fibril.
Microfibrils
After collagen fibrils, the next most abundant insoluble component of the dermis is the network of microfibrils [16, 17] . These microfibrils surround and separate bundles of collagen fibrils. T h e morphology, chemistry and immunochemistry of these microfibrils have identified the main protein component as fibrillin, a protein that is found in most, if not all, animals and is therefore a very old protein in an evolutionary sense [16] . Fibrillin microfibrils show a bead-on-a-string appearance under the electron microscope [3] . We have found that the fibrillin networks isolated from C. frondosa dermis have essentially linear stress/strain curves over strains up to 300% [17] . These networks are well adapted to maintaining 
Isolation and characterization of sea cucumber collagen fibrils
The left-hand panel shows beaken containing aqueous extracts of C frondoso demis Under the phase-contrast microscope (middle panel) these extracts are seen t o contain collagen fibnls Electron microscopy (right panel) of a single fibnl, stained with Cuprolinic Blue for acidic glycosaminoglycans (GAGS) [ 131 and posrtively stained with uranyl acetate, reveals the distinct banding pattern within each D-period (67 nm) and the penodic presence of surface glycosaminoglycan -***--_ ~ the organization of collagen fibrils as they slide with respect to one another, and to provide the tissue as a whole with a predetermined set of dimensions to which it will return in the absence of external forces.
Soluble constituents
The collagen fibrils and microfibrils are insoluble in water, which accounts for about 80% of the mass of the dermis [8] . A number of other proteins, glycans and proteoglycans are dissolved in the water phase. These components may be mostly free in solution, or mostly bound to fibrils or microfibrils, depending upon the relevant equilibrium constants. We have purified and characterized the most abundant soluble protein in the matrix of C. frondosa dermis [6] . This protein, stiparin, was identified as the active component of soluble tissue extracts that could cause isolated collagen fibrils to aggregate. Stiparin, which is a flexible monomeric glycoprotein of about 375 kDa, appears to be a constitutive component of the matrix : there is about one stiparin molecule for every 20-25 collagen molecules on the fibril surfaces. Although it has been demonstrated that stiparin binds to collagen fibrils, we have not been able to detect binding of stiparin to any of the isolated constituents of the fibrils, including collagen molecules, proteoglycan or glycosaminoglycan. It is possible that the fibril-binding site for stiparin is a structural feature of the fibril that is determined by two or more molecules. Because it is an abundant but extractable fibril-binding protein -the extraction of which allows fibrils to dissociate -we believe that stiparin serves to maintain some interactions between fibrils but that its association constant is such that fibrils are able to slide in its presence. Addition of excess stiparin to dermis specimens does not cause them to stiffen.
We have also purified a glycoprotein, stiparininhibitor, that binds stiparin and inhibits its binding to fibrils [18] . The active moiety of this molecule is rich in galactose and sulphate, and may be a polygalactose sulphate. Recent experiments using surface plasmon resonance have shown that each stiparin molecule has two (or more) binding sites for stiparin-inhibitor. Although stiparininhibitor is a normal constituent of the matrix, its physiological role in regulating fibril interactions is not yet known.
The observation that specimens of dermis would become stiff when the cells were lysed (by osmotic shock, by freezing and thawing or by nonionic detergent) [5, 19] has led to the purification of a 30 kDa protein that causes dermal specimens to stiffen [7] . This protein, stiffener, is present in low abundance in extracts of lysed tissues. Unlike stiparin, which can be extracted from both lysed and unlysed specimens, stiffener can only be detected in extracts of lysed tissues. This observation is consistent with the notion that stiffener may be an active factor that the cells secrete into the interfibrillar matrix in response to nervous input. In addition to stiffening dermal specimens, stiffener also binds collagen fibrils and causes 
Model
The model that emerges from these studies consists of bundled parallel collagen fibrils that are organized by microfibril networks (Figure 3) . The fibrils are held in weak association by stiparin. Upon nervous input, resident cells release stiffener, which diffuses into the interfibrillar space. Here, stiffener binds to the fibrils and creates strong interactions between them. The interactions caused by stiffener need not be spatially homogeneous. They only need to occur in beltlike regions near the cells, such that each fibril passes through at least two such belts. We don't yet know how this action of stiffener is reversed. There may be an inhibitory molecule that is released by cells (e.g. we have found a cell-derived plasticizer in the outer dermis [7] ), although we have not been able to identify one positively. Stiparin-inhibitor does not inhibit stiffener. Several candidate inhibitory molecules exist, but it would be premature to claim a physiological role for them. In the absence of a specific inhibitor, stiffener effectiveness may diminish as a result of diffusion or of interaction with another, as yet unidentified, matrix component. The spindle-shaped fibrils have surfaces modified by the presence ofbound moieties. On natural collagen fibrils these moieties are glycosaminoglycans, proteoglycans and glycopmteins; on modified collagen fibrils and on synthetic fibrils they may be catechol groups. The fibrils are bound into bundles by an elastomeric matrix. In the natural dermis this matrix is composed mainly of fibrillin microfibrils; in a synthetic material this matrix may be an elastomeric hydrogel. The medium bathing the fibrils contains molecules that can reversibly form cross-links between them. In the natural dermis these molecules include stiparin, stiffener and stiparin-inhibitor. In the synthetic material they may be polymers such as polyacrylamide complexed with phenylboronic acid. The number of associations between collagen fibrils, and hence the tensile properties ofthe material, are determined by input signals (jagged arrow). In the natural material the input originates in the nervous system and results in the secretion of regulatory molecules. In the synthetic system the input may be in the form of electrical or optical signals that change the redox potential of the matrix and hence the binding between catechol and boronic acid moieties.
Towards a synthetic material
T h e first step in designing a synthetic analogue with similarly reversible properties has been to develop chemical methods for the synthetic modification of dermis and the evaluation of molecularrecognition complexes that could be used in crosslinking fibrils. We have demonstrated a pair of synthetic molecules that selectively and reversibly associate with one another under physiological conditions. This system is based on the complexation of catechol with phenylboronic acid to give the corresponding boronic ester. We have synthesized several analogues of these molecules and determined the binding affinities. We have also shown that the interactions could be turned off by oxidizing (by way of electrochemistry or chemical oxidants) the catechol to the orthoquinone. T h e association could be repeatedly switched on and off by sequential oxidations and reductions. Because the binding affinities were
we synthesized trimers of the catechol and boronic acid to give significantly more stable complexes. Early characterization of the trimeric complex shows that it is nearly irreversible with a half-life of the order of hours, but that the trimeric scaffold is not optimized. We will continue to optimize these structures to achieve complexes with halflives of days, which can be switched on and off. We are now focusing on derivatizing the dermal tissue so that it can be controlled using the catechol-boronic acid complex. We first aim to show that a polymer can reversibly aggregate collagen fibrils in solution in analogy with the aggregation of fibrils by stiparin or stiffener. We have prepared soluble polyacrylamide polymers that are modified with the phenylboronic acid groups, and are characterizing the association of the polymers with a monolayer presenting the catechol groups. We will then introduce catechol groups on to the collagen fibrils and show that the polymer can aggregate them. We have worked out chemical methods for introducing synthetic groups on to the fibrils. It will also be important to show that the fibrils disaggregate when the catecho1 groups are oxidized to the orthoquinones.
Having established a method to dynamically control the cross-linking of natural fibrils, we will use the same biomechanical methods that we have used for natural tissues to evaluate the mechanics of the modified tissues. The next step will be to translate these approaches into a synthetic system with similarly controlled properties. Ultimately, this stepwise approach is expected to lead to the development of a fully synthetic fibrous composite with dynamically controlled stiffness.
factor-/?/bone morphogenetic protein (BMP) superfamily that is required for proper skeletal patterning and development in the vertebrate limb. Based on the homology of GDF-5 with other bone-inducing BMP family members, the inductive activity of a recombinant form of human GDF-5 (rhGDF-5) was evaluated in a series of in vitro assays and in vivo bone-formation models. The in vitro response to rhGDF-5 resulted in the formation of chondrogenic nodules in fetal rat calvarial cells cultured in the context of collagen or collagen/hyaluronate extracellular matrices. Matrices loaded with rhGDF-5 induced ectopic
